Abstract
capacity > 363 t) tuna purse-seine vessels. Data available from other fisheries operating in the EPO that catch silky sharks (bycatch or targeted) are either incomplete with respect to fishing effort or with respect to catch by species (Siu & Aires-da-Silva, 2016 ). In the Western and Central Pacific Ocean (WCPO) there is long-term observer coverage for the longline fishery, but the sample size is small and may be unrepresentative of the fishery as a whole.
Observer coverage for the purse seine fishery is higher but only in the years since 2010 (Clarke, 2017) . Management of the silky shark in the WCPO is primarily through a no retention rule adopted subsequent to a WCPO silky shark stock assessment, which concluded that the species is severely over-fished (Rice & Harley, 2013) .
The first exploration of trends in Pacific silky shark populations began in 2007 in the EPO, and interpretation of these trends, which continue to be updated annually, has proved to be an ongoing challenge. Of concern was the initial decline that began in the late 1990s (Minami, Lennert-Cody, Gao, & Román-Verdesoto, 2007) , which may have been related to expansion of the purse-seine fishery on floating objects in the EPO (Lennert-Cody & Hall, 1999) .
However, other interpretations are also possible and the processes driving change in the index have continued to be debated (Aires-daSilva, Lennert-Cody, Maunder, & Román-Verdesoto, 2014) . Since the mid 2000s, the index for the silky shark in the EPO north of the equator has fluctuated considerably (Figure 1 ), raising further questions as to the processes driving the index. The recent increases in the EPO indices from 1 year to the next, especially in the northern EPO, are in many cases too rapid to be due exclusively to population growth (Lennert-Cody, Clarke, Aires-da-Silva, Maunder, & Román, 2017) . Similar fluctuations are found in indices computed for other types of purse-seine sets (sets on dolphin-associated tunas and unassociated tuna schools; Lennert-Cody et al., 2017) , suggesting that processes behind the recent changes in the index are not specific to aspects of the fishery on tunas associated with floating objects.
Other processes that might contribute to fluctuations in the index include environmentally mediated changes in availability of silky sharks to fishing gear and/or east-west/north-south movement.
Here we investigate the potential for recent fluctuations in the EPO index to be driven by environmental forcing. We focus on data from purse-seine vessels fishing on tunas associated with floating-objects in the equatorial Pacific: silky shark bycatch in purse-seine fisheries primarily occurs in floating-object (associated) sets (Clarke, 2017; Román-Verdesoto & Orozco-Zöller, 2005) , and the silky shark is a tropical species, preferentially inhabiting temperatures over 23°C (Bonfil, 2008; Musyl et al., 2011) . In addition, the purse-seine fishery is the only gear type with adequate observer coverage in both the eastern and western Pacific. Relative abundance indices for the silky shark were computed from bycatch-perset data by area within the equatorial Pacific and compared to an index of Pacific Ocean climate variability, the Pacific Decadal Oscillation (PDO). Where possible, indices also were computed by shark size categories that reflect life stages.
| Data
Two silky shark data sets were used in this analysis, one from the coast of the Americas to 180°W (EP) and the other from 180°W to the west (WP). The data were collected under two different management agencies, the IATTC and the Western and Central Pacific Fisheries Commission (WCPFC). Although the data collected under these two management agencies largely represent different fleets, both data sets were collected by observers aboard purseseine vessels setting on tunas associated with floating objects (also referred to as "floating-object" or "associated" sets). Floatingobject sets include sets on tunas associated with fish aggregating devices (FADs) and with natural and anthropogenic drifting debris (e.g., tree trunks, metal drums). Since the mid-1990s, floating object sets in the EP have been dominated by sets on FADs (IATTC, 2010 (IATTC, , 2016 The EP data were collected by IATTC observers aboard large purse-seiners during (Oshitani, Nakano, & Tanaka, 2003; Sánchez-de-Ita, Quiñónez-Velázquez, Galván-Magaña, Bocanegra-Castillo, & Félix-Uraga, 2011 ).
Post-processing of the data was done to remove sets that may have been unusual with respect to fishing practices, such as repeat sets on the same floating-object and sets with no tuna catch (Minami, Lennert-Cody, Gao, & Roman-Verdesoto, 2006) . F I G U R E 3 Nominal annual silky shark BPS (numbers per set) by area and size category (where applicable) in floating-object (associated) sets. The numbers of sets by area used in the analysis is shown at the top of each panel influence trends in shark abundance. These standardized indices were constructed by fitting a zero-inflated negative binomial (ZINB) generalized additive model (GAM) to the BPS data following the method of Minami et al. (2007) . The ZINB is a distribution that is commonly used to model count data with a high proportion of zerovalued observations and also large count values (e.g., Zuur, Ieno, Walker, Saveliev, & Smith, 2009) , which is the case for silky shark bycatch in purse-seine fisheries in the Pacific Ocean and elsewhere (Amandè, Chassot, Chavance, & Piante, 2008; Clarke, 2017; Minami et al., 2007) . All ZINB GAMs were fitted to the set-by-set data using an EM algorithm (e.g., Minami et al., 2007) . For modelling the EP BPS data, the same covariates were used as those of Minami et al. (2007) for each component of the ZINB GAM: year (a categorical variable), linear terms for fishing gear characteristics (depth of the purse-seine net, depth of the floating-object below the surface of the water), for proxies for local community biomass (natural logarithm of the amount of tuna catch, natural logarithm of the amount of other bycatch species), and for two proxies for local floating-object density and for SST (measured by the observer at the time of the set), and smooth terms for the day of the year (to capture seasonality), latitude and longitude (to capture temporallyinvariant spatial gradients), and time of the set. The model used for the WP BPS data was somewhat different, in part because less covariate information was available: year (factor), month (factor), country of vessel registry and type of associated set (both factors), linear terms for the natural logarithm of tuna catch and natural logarithm of a proxy for object density, and smooth terms for latitude, longitude and time of day of the set. No interaction terms were included in the models.
From the estimated ZINB GAM coefficients a standardized index of relative abundance was computed on a monthly time step. With exception of the time step (year and day of the year at the mid-point of each month for EP, or month for WP) and latitude and longitude, all other covariates were fixed at their median value (continuous variables) or most common value (categorical variables). The medians and most common values were determined separately for the north EP, the south EP and the WP. The standardized index was the predicted BPS in each 1°square of an area at a time step, summed over all 1°squares in the area. A monthly time step was selected to be consistent with the time step of the PDO (see below). Finally, a 12 month symmetric moving average was applied to each standardized time series to remove seasonal pattern in the predicted trend.
For each area and shark size category, approximate pointwise 95% confidence intervals were computed for the standardized BPS index by resampling from a multivariate normal distribution with means, variances and covariances of the estimated ZINB GAM coefficients (Wood, 2006) , assuming known GAM smoothing parameters and negative binomial scale parameters. Five hundred indices were simulated in this manner for each area and size category for which a trend could be computed; a value of 500 was selected as a compromise between the typical number of simulation runs used to compute confidence intervals (1,000s) and the time required to run each simulation. Pointwise confidence intervals were computed at each time step from the 500 simulated index values using the percentile method (Efron, 1982) .
To evaluate the correlation between the PDO and the standardized BPS indices, the Spearman rank correlation coefficient was com- and for Areas 5-6 (medium sharks) and Area 7 (small sharks) because of a lack of convergence of the EM algorithm within 100 iterations.
Also, the fit of the ZINB GAM to the silky shark BPS data was better for the EP than for the WP (Table 1) 
Movement of juvenile silky sharks within the equatorial Pacific
Ocean could be non-directional and/or due to directed swimming.
Non-directional swimming would be movement that is not ontogenetic, such as might be the case for individuals seeking favourable habitat (e.g., a preferred temperature range). The warming of the central Pacific during an El Niño is believed to be in part due to advection of warm water from the WP (Kessler, 2006; Wang, Deser, Yu, DiNezio, & Clement, 2016) . Silky sharks are born at about 65-81 cm TL (Oshitani et al., 2003 ; see also summary in Clarke et al., 2015) , and therefore the spatial distribution of the EP small shark size category, which represents individuals of age <1 year, might be more likely to be influenced by movement of water masses than the spatial distribution of adults. Alternatively, if juvenile silky shark movement were the result of directed swimming, a cruising speed of 0.5 m/s (Filmalter, Cowley, Forget, & Dagorn, 2015; Ryan, Meeuwig, Hemmi, Collin, & Hart, 2015) , for example, over a 1 year period would equate to more than 15,000 km/year, which at the equator would be about 142 degrees of longitude-more than enough to Unfortunately, those data can be biased even when sample sizes are large (Maunder et al., 2006) .
The lack of correlation of the small silky shark index with the PDO in the north EP inshore area (Area 1) may be due to a combination of increased fishing activity and different oceanographic forcing.
A greater diversity of fisheries that catch the silky shark is believed to operate in the inshore area of the north EP (Area 1) (Siu & Airesda-Silva, 2016) . Thus, any increase in silky shark abundance with El Niño warming might be removed as bycatch and catch in fisheries other than the purse-seine fishery. In addition, the warming of the far eastern Pacific during an El Niño is due to a reduction in upwelling of cooler waters, rather than eastward advection of warmer west-central Pacific waters (Kessler, 2006) . Thus, eastward movement of juveniles with warmer water might not be expected to have as much of an effect on silky abundance in inshore regions of the EP. The net result may be that the purse-seine indices for the silky shark in the inshore north equatorial EP may not be expected to correlate with the PDO to the extent seen in the offshore equatorial EP (Figure 6 ).
The lag in the timing of the peak in the WP silky index around 2011 relative to the peak in the EP small and medium silky indices Our results suggest that for EPO management purposes, a relative abundance index for large silky sharks may be the only reliable index that can be generated from these purse-seine data. We have demonstrated that interannual fluctuations in the indices for small and medium silky sharks in the offshore region of the north EP correlate with interannual variability in oceanographic conditions. In contrast, the trend in the index of relative abundance for large silky sharks was shown to be more consistent across areas within the EP and showed less or no correlation with the PDO, suggesting the large shark index is less influenced by fluctuations in the environment of the EP.
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